Viruses share antigenic sites with normal host cell components, a phenomenon known as molecular mimicry. It has long been suggested that viral infections might trigger an autoimmune response by several mechanisms including molecular mimicry. More than 600 antiviral monoclonal antibodies generated against 11 different viruses have been reported to react with 3.5% of cells specific for uninfected mouse organs. The main pathological feature of tropical spastic paraparesis/ human T-lymphotropic virus type I (HTLV-I)-associated myelopathy (TSP/HAM) is a chronic inflammation of the spinal cord characterized by perivascular cuffing of mononuclear cells accompanied by parenchymal lymphocytic infiltration. We detected the presence of autoantibodies against a 98-to 100-kDa protein of in vitro cultured human astrocytes and a 33-to 35-kDa protein from normal human brain in the serum of HTLV-I-seropositive individuals. The two cell proteins exhibited molecular mimicry with HTLV-I gag and tax proteins in TSP/HAM patients, respectively. Furthermore, the location of 33-to 35-kDa protein cross-reaction correlated with the anatomical spinal cord areas (in the rat model) in which axonal damage has been reported in several cases of TSP/HAM patients. Our experimental evidence strongly suggests that the demyelinating process occurring in TSP/ HAM may be mediated by molecular mimicry between domains of some viral proteins and normal cellular targets of the spinal cord sections involved in the neurodegeneration.
Introduction
Viruses that share antigenic sites with normal host cell components are part of a phenomenon known as molecular mimicry (1) . It has long been suggested that viral infections might trigger an autoimmune response by several mechanisms including molecular mimicry (2) (3) (4) . More than 600 antiviral monoclonal antibodies generated against 11 different viruses have been reported to react with 3.5% of cells specific for uninfected mouse organs (5) .
Tropical spastic paraparesis/human T-cell leukemia type I-associated myelopathy (TSP/ HAM) appears to be caused by human T-cell leukemia virus type I (HTLV-I) after a long incubation period. TSP/HAM is characterized by chronic progressive paraparesis with sphincter disturbances, no or mild sensory loss, absence of spinal cord compression, and seropositivity for HTLV-I antibodies. The pathogenesis of this entity, reviewed by Casseb and Penalva-de-Oliveira (6), is not completely clear and involves a multivariable phenomenon of activation of the immunological system against the presence of HTLV-I antigens, leading to an inflammatory process with axomyelinic degeneration, mainly in the thoracic spinal cord (7) .
The possible mechanisms by which HTLV-I infection contributes to the pathogenesis of TSP/HAM are unknown. HTLV-I proviral DNA has been detected only in the nucleus of lymphocytes that infiltrated the spinal cord (7, 8) . However, no proviral DNA was amplified in any neuronal cells, including neurons and glial cells (9, 10) . This indicates that the axomyelinic degeneration of the spinal cord by HTLV-I is unlikely to be the result of viral infection of oligodendrocytes or of neuronal cells. These findings suggest an autoimmune mechanism in TSP/ HAM and that this neuronal process is probably associated with an activated cell-and antibody-mediated immune response in the patients.
Astrocytes are cells of the central nervous system (CNS) distinguished by their large star-shaped cell bodies and many radiating processes. Most of these processes form terminal expansions that surround the surface of blood vessels (11) . Previous studies have shown that astrocytes secrete inflammatory cytokines after transient contact with T cells persistently infected with HTLV-I (12). These in vitro-activated astrocytes may prolong and amplify the pathological effects produced by invading T cells, demonstrating the crucial role of astrocytes in brain homeostasis (13) .
An important notion when considering the effect of viruses on the CNS is that certain impairments occurring in actually infected cells may be perpetuated via indirect effects of viruses on neural cells. Such impairment may persist and propagate via the secretion of soluble factors such as cytokines, chemokines, or metalloproteinases (14) , and eventually alter the cell homeostasis. In the case of TSP/HAM this view is consistent with i) the presence in the lesions of cells expressing the viral product tax (8, 15) , which is known to transactivate many cellular genes including several inflammatory molecules (16) ; ii) the expression of inflammatory cytokines in infiltrated T cells and astrocytes, and iii) the expression pattern of metalloproteinases and their inhibitors (17) .
Viruses share antigenic sites with normal host cell components, a phenomenon known as molecular mimicry. It has long been suggested that viral infections might trigger an autoimmune response by several mechanisms including molecular mimicry (4, 13) . In the present study, we performed some experiments in order to document the existence of molecular mimicry of monoclonal antibodies and sera of TSP/HAM patients against several proteins of HTLV-I with proteins and subcellular structures of non-HTLV-I/HIV-1-infected primary cultured human astrocytes and other normal components of the CNS.
Patients and Methods

Characteristics of the sample
We studied 47 serum samples from adult HTLV-I-seropositive persons belonging to different Colombian villages along the Pacific coast, inland of the Southwest and Northeast Caribbean, obtained during different serosurveys performed by our group. Eleven subjects were TSP/HAM patients and 36 were healthy carriers. As negative controls we studied 20 serum samples from HTLV-Iseronegative persons from the same endemic areas. All the persons included in the study were informed about the objectives of the investigation and gave their consent for the use of their samples only for research purposes.
ELISA Murex HTLV I + II (Murex Biotech Limited, Dartford, UK) and Serodia PA (Fujirevio, Japan) diagnostic tests were used for seroscreening. The presence of HTLV-I was confirmed using an HTLV blot 2.4 assay (Genelabs ® Diagnostics Pte Ltd., Singapore Science Park, Singapore). Additional diagnostic PCR with pol primers was performed on peripheral blood mononuclear cell DNA from all the individuals studied to amplify a 159-bp fragment. All persons included in the study were seronegative for IgG-anti-HIV-1/2 by ELISA (Enzygnost ® , Behring Dade, Germany) and by Western blot.
Monoclonal antibodies
Monoclonal antibodies against gag proteins, NOR-1 (anti-p24) (18) , GIN-7 (antip19) and WAG-15 (anti-p17) (19) ; against envelope gp46, LAT-27 (anti-gp46) and against tax, LT-4 (anti-tax-p40) (20) were tested by Western blot with proteins from in vitro cultures of human astrocytes, fetal brains and other non-infected cell cultures from different human tissues.
In vitro cell cultures and tissues
Primary human astrocytes were obtained by mechanical disaggregation of microdissected sensory motor cortices of human fetuses (embryonic day 116, according to the official Colombian legislation for this material). The dissociated cells were diluted to a density of 2 x 10 5 cells/ml in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO, USA) containing 25 mM glucose, supplemented with 20% heat-inactivated fetal calf serum and gentamicin (1 µg/ml). Cells were seeded onto 35-mm diameter culture dishes precoated with poly-L-lysine (3 µg/ml in 0.1 M sodium borate buffer, pH 8.4) (21). Cultures were incubated at 37ºC in a 5% moist CO 2 -95% air atmosphere. Using this procedure, we obtained 3-week-old cultures with more than 99% of cells with the astrocyte phenotype. Characterization of astrocytes was systematically determined by immunocytochemistry of glial fibrillary acid protein, a specific astrocytic marker, using a polyclonal glial fibrillary acid protein antibody (N-18; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Human primary lung fibroblasts, skin fibroblasts and kidney cells, cord blood stem cells, HeLa cells, and 3T3 cells were cultured in Eagle's essential medium supplemented with 10% bovine calf serum and a mix of gentamicin (1 µg/ml), penicillin, streptomycin, and neomycin (2.5 µg/ml) to obtain monolayers with more than 90% confluence.
Proteins from brain and spinal cord were obtained from non-HTLV-I and HIV-1 postmortem fetuses. Two or 5 g of tissue was preserved in appropriate transport medium until the time for processing.
Cell lysis
Approximately 1.0 x 10 7 cells/ml of cultured cells or 2 to 5 g of tissues were lysed in buffer containing 0.15 M NaCl, 0.05 M TrisHCl, pH 7.2, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate, and 2 mM phenylsulfonyl fluoride. Lysates were separated by centrifugation at 14,000 g for 10 min. Protein concentrations were measured using a protein assay (BioRad, Richmond, CA, USA) as recommended by the manufacturer.
Western blotting
Proteins from cell cultures and normal tissues were resolved by SDS 8 to 12% polyacrylamide gel electrophoresis gradient (SDS-PAGE) and passively transferred to nitrocellulose membranes (22) . The relative molecular masses of proteins were calculated by plotting the logarithm of the relative mobility of the protein vs gel concentration (23) .
The membranes were incubated in blocking solution (10% bovine serum albumin in 1X phosphate-buffered saline (PBS), pH 7.0) overnight at 10ºC. Sera and monoclonal antibodies were diluted 1:1000 in 1% bovine serum albumin, PBS, and 0.2% Tween-20 and incubated with nitrocellulose strips overnight at 10ºC. Bound autoantibodies were detected by sequential incubation in biotinlabeled anti-human IgG diluted 1:1000, avidin-labeled horseradish peroxidase (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK), and 0.05% diaminobenzidine (Sigma) solution in PBS as described (24) .
Immunohistochemistry of rat spinal cord sections
Young Wistar rats (250 g) were injected with 40 mg/kg Ketalar. After total anesthesia they were perfused with 150 ml 0.9% NaCl via the ascendant aorta, followed by perfusion of 250 ml buffered formalin, pH 7.4. The spinal cord was obtained surgically and divided in its anatomical sections, which were post-fixed in buffered formalin, pH 7.4, at 4ºC for 24 h. The tissues were then dehydrated and embedded in paraplast.
Serial sections of spinal cord were cut, deparaffinized and incubated with the LT-4 anti-tax monoclonal antibody (21) using a modification of the original protocol described by Hsu et al. (24) . The endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide for 30 min at room temperature followed by two washes of 5 min each with 0.01X PBS, pH 7.5 (25) . Antigen rescue was performed by the method of Shi et al. (26) . The serial sections of the spinal cord were incubated overnight with a 1:50 dilution of the anti-tax LT-4 monoclonal antibody. After incubation for 12 h at 4ºC, slides were washed as described previously and incubated with a secondary antibody (biotinylated goat anti-mouse IgG) diluted 1:200 in 1X PBS for 30 min at room temperature. After this procedure they were washed three times in 1X PBS and incubated with ABC Elite PK400 (Vector Laboratories, Burlingame, CA, USA) for 30 min, washed again in PBS and immediately developed with diaminobenzidine previously dissolved in Tris-HCl buffer, pH 7.6, and 0.003% hydrogen peroxide. Histological preparations were stained with Gill's hematoxylin and mounted permanently in Permount. As negative controls we used human sera from non-HTLV-I-and HIV-1-infected subjects.
Results
HTLV-I autoantibodies against proteins from central nervous system cells
IgG antibodies against a 98-to 100-kDa astrocyte protein were detected in the sera of 100% (11/11) TSP/HAM patients included in the study. Moreover, IgG isolated from the same TSP/HAM patients exhibited a specific HTLV-I immunoreactivity with uninfected brain proteins (11/11) . Western blots performed with proteins of human non-infected brains showed IgG reactivity with a single 33-to 35-kDa protein in all patients. In contrast, no reactive bands with the proteins from primary lung fibroblast, skin fibroblast, human kidney, cord blood stem cells, HeLa, and 3T3 cells were obtained (Figure 1) . Sera from asymptomatic healthy HTLV-I carriers and seronegative controls did not exhibit cross-reaction with the 98-to 100-kDa astrocyte or 33-to 35-kDa brain proteins.
We included in the study a set of five different HTLV-I monoclonal antibodies. As shown in Figure 2A , a specific cross-reaction of NOR-1 monoclonal antibodies with the 98-to 100-kDa protein from primary cultured human astrocytes was detected. The 33-to 35-kDa brain protein cross-reacted exclusively with the anti-tax LT-4 monoclonal antibody ( Figure 2B) .
The incubation of different dilutions of NOR-1 with primary human cultured astrocytes revealed that the cross-reaction previously detected was preferentially localized in the cell nucleus. Astrocytes of the spinal cord and primary cultures showed a perinuclear immunostaining that was enhanced by increasing concentrations of the antip24gag monoclonal antibody (Figure 3 ). 
Spatial distribution of anti-tax cross-reaction staining in the spinal cord of non-infected rats
In order to assess the location of the antitax LT-4 in cells we studied its cross-reactivity with different areas of thoracic and lumbar spinal cord sections. The immunoreactivity with the monoclonal antibody was predominantly observed as an intense nuclear reaction in clusters of neurons of variable sizes located in different laminae of T6 to L2 sections of spinal cord grey matter ( Figure  4A ). At the level of the intermediate (lamina VII; Figure 4B ) and anterior and posterior (lamina V) horns (medial and lateral IX laminae; Figure 4C ), we observed intense crossreaction with the monoclonal LT-4 anti-tax antibody. This situation contrasts with the lack of LT-4 cross-reactivity observed in nerve fibers of white matter, in the ependymal channel and in the lamina X ( Figure  4A ). The negative controls did not exhibit any cross-reaction with the different components of the spinal cord.
Discussion
An important result of our study was the characterization of the cross-reaction between a perinuclear normal astrocyte protein of 98 to 100 kDa with a monoclonal antibody against HTLV-I p24 (NOR-1). Our results also showed that this mimicry between the two proteins correlates with the presence of anti-98 to 100-kDa autoantibodies in all Colombian TSP/HAM patients tested (11/11) . The first report of cross-reaction between sera of TSP/HAM patients and endothelial cells of the brain (23) showed that circulation of these autoantibodies in blood is part of the progression not only of TSP/ HAM but also of other demyelinating disorders. Recent studies have revisited the molecular mimicry with proteins of HTLV-I as a process that may play some role in the progression of TSP/HAM. Although the molecular mimicry between a peptide of the myelin basic protein and a peptide of HTLV-I with TSP/HAM was not associated with disease progression (24) , there is the possibility that other CNS targets could mimic HTLV-I antibodies. In this respect, our results agree with data showing that IgG isolated from TSP/HAM patients exhibited a specific HTLV-I immunoreactivity with uninfected neurons (13) . Neuronal Western blots showed that the IgG reactivity with a single 33-to 35-kDa protein detected in all patients studied is an important process that could play a role in the immunopathogenesis of TSP/HAM (25) (26) (27) .
Another important result of our study was the characterization of the cross-reaction of a perinuclear normal astrocyte protein of 98-100 kDa and a nuclear 33-to 35-kDa human brain protein with a monoclonal antibody against HTLV-I p24 (NOR-1) and tax-p40 (LT-4), respectively. Our results also showed that autoantibodies against the astrocyte 98-to 100-kDa and brain 33-to 35-kDa proteins circulate in the Colombian TSP/ HAM patients included in the present study. The first report of cross-reaction between sera from TSP/HAM patients and endothelial cells of the brain (27) showed that circulation of autoantibodies in blood is part of the progression not only of TSP/HAM but also of other demyelinating disorders. In this respect, our results agree with data showing that IgG isolated from TSP/HAM patients exhibits a specific HTLV-I immunoreactivity with uninfected neurons (28) (29) (30) .
Monoclonal antibodies that bind HIV-1 gp41 and cross-reacted with astrocytes were recovered from the blood of patients infected with HIV-1 (28) . Such mimicry by antiviral antibodies interacting with an astrocyte isoform of alpha actinin (29) could play a role in the dementia of AIDS patients. Since HTLV-I-seropositive patients included in the study were indeed seronegative for HIV-1, it is important to consider that the mimicry between astrocyte proteins and viral proteins may be a common feature of the characteristic neural damage observed not only in a neurological disease associated with HIV-1 infection but also in TSP/HAM.
Our results confirmed and extended to human fetal brains and to rat spinal cord the data previously reported by Levin et al. (29) who characterized the molecular mimicry between the HTLV-I tax protein and CNS proteins. In addition to the intense staining of brain neurons, we observed preferential anti-tax IgG staining in the nucleus of T7 to L2 neurons in the rat spinal cord. These results contrast with the absence of staining of glia and dorsal root ganglia (peripheral nervous system) observed with the tax monoclonal antibody.
Levin et al. (28) have characterized the molecular mimicry between an environmental agent and the CNS. They isolated immunoglobulin G (IgG) from the serum of patients with TSP/HAM and tested it for reactivity with human tissues. There was intense staining of neurons in the brain and no staining of glia, dorsal root ganglia (peripheral nervous system) or systemic organs. A monoclonal antibody to HTLV-I-tax (tax monoclonal antibody) mimicked IgG staining of neurons. To identify the protein, cortical neurons were isolated and subjected to SDS-PAGE and Western blot analysis. The IgG recovered from TSP/HAM patients recognized a band of approximately 33 kDa, whereas IgG isolated from negative controls did not. Importantly, the tax monoclonal antibody that stained CNS neurons reacted with the antigen. Consistent with data reported by Levin et al. (28) , our evidence showed that this cross-reaction can be extended to the proteins of fetal human brains because we characterized a similar crossreaction between a 33-to 35-kDa neuronal protein and the monoclonal antibody LT-4 anti-tax.
All patients (13/13) with TSP/HAM that were tested by Levin et al. (28) developed autoantibodies recognizing the neuronal antigen. Nine of ten HTLV-I-seropositive patients without neurological symptoms and 12 HTLV-1-seronegative controls showed no reactivity. All the Colombian TSP/HAM patients studied here reacted against the 33-to 35-kDa brain protein, in contrast to none of the HTLV-I-seropositive asymptomatic and HTLV-I-seronegative subjects.
As shown in previous reports, the main pathological feature of TSP/HAM is a chronic inflammation of the spinal cord characterized by perivascular cuffing of mononuclear cells accompanied by parenchymal lymphocyte infiltration (30) . Immunological abnormalities arising from a high HTLV-I proviral load in peripheral blood lymphocytes play an important role in the pathological process of spinal cord lesions in TSP/HAM patients (30) . Concomitant damage to surrounding CNS tissues, in which CD8+ HTLV-I-specific cytotoxic T lymphocytes attack HTLV-I-infected lymphocytes, could be involved in the pathological events of TSP/HAM. In this respect, heightened transmigrating activity of HTLV-I-infected CD4+ T lymphocytes to the CNS tissues may play a key role in the development of TSP/HAM.
The cross-reaction between a 98-to 100-kDa astrocytic protein and the HTLV-I p24 gag protein supports the existence of mimetic targets for viral proteins in this important cell of the CNS. As previously reported, monoclonal antibodies that bound to HIV-1 gp41 and cross-reacted with astrocytes were recovered from the blood of patients infected with HIV-1 (31) . Such mimicry by antiviral antibodies interacting with an astrocyte isoform of alpha actinin (32) could play a role in the dementia of AIDS patients. Since the HTLV-I-seropositive patients included in the study were indeed HIV-1 seronegative, it is important to consider that the mimicry between astrocytic proteins and viral proteins may be a common feature of the characteristic neural damage not only in a neurological disease associated with HIV-1 infection but also in TSP/HAM.
Our evidence showed that the molecular mimicry of tax protein is preferentially located in the large neurons of the spinal cord motor areas of T-6 to L-2. As proposed in previous reports, the main pathological feature of TSP/HAM is a chronic inflammation of the spinal cord characterized by perivascular cuffing of mononuclear cells accompanied by parenchymal lymphocyte infiltration. Immunological abnormalities arising from a high HTLV-I proviral load in peripheral blood lymphocytes play an important role in the pathological process of spinal cord lesions in TSP/HAM patients. Although a concomitant damage to the surrounding CNS tissues, in which CD8+ HTLV-I-specific cytotoxic T lymphocytes attack HTLV-I-infected lymphocytes, might be involved in the pathological events of the spinal cords of TSP/HAM patients as one of the actual pathogenetic mechanisms, heightened transmigrating activity of HTLV-I-infected CD4+ T lymphocytes to the CNS tissues may play a key role in the development of TSP/HAM.
It is not clear how antibodies could enter the CNS and bind to intracellular antigens located in the neurons of motor spinal cord sections. Previous data indicated that IgG has a significant role in the pathogenesis of disease. In TSP/HAM, patients are infected with HTLV-I, which is tropic for CD4 + Tlymphocytes. Infection of CD4 + T-lymphocytes results in their activation and may allow them to cross the blood-brain barrier (32) . Interaction of these cells with the CNS results in cytokine expression, adhesion molecule and receptor up-regulation, and metalloproteinase secretion. These events are associated with disruption of the bloodbrain barrier. As a consequence, cytotoxic T lymphocytes and antibodies against tax may enter the CNS. Tax-specific antibodies may home to the neurons and disrupt neuronal function, as suggested by previous studies (12) .
The results presented here lead us to conclude that the location of the cross-reaction with the anti-tax LT-4 monoclonal antibody in specific sections of the spinal cord may correlate with the pathological damage mediated by molecular mimicry observed in TSP/HAM. This mimicry may involve axonal degeneration of the motor areas of the spinal cord, mainly those located in the inferior thoracic spinal cord sections. This reasoning opens the possibility to explain the correlation between molecular mimicry and the pathogenesis of TSP/HAM.
